Methods
In all experiments, the delay of the probe pulse is varied in 2.816 fs steps with a closed-loop delay stage (PI) for a total of 2.5 ps with a 100 ms integration time per step. Transient absorption traces in the absence and presence of pump and dump/impulsive Raman pulses are obtained by employing a double chopping scheme. A homebuilt single-shot prism spectrograph equipped with a CMOS array detector (LW-ELIS-1024A-1394) is used for broadband detection. In the pump-dump-probe experiment on TIPS-pentacene, the diameters of the probe, pump and dump beams were 55 μm, 64 μm and 120 μm, with pulse energies at the sample adjusted to 3 nJ, 14 nJ, and 210 nJ, respectively.
In the pump-Raman-probe experiment, the diameters of the probe, pump and Raman beams were 42 μm, 77 μm and 78 μm, with pulse energies of 3 nJ, 24 nJ and 100 nJ, respectively. For the measurements on DPO, the diameters of the probe, pump and dump beams were 35 μm, 55 μm and 80 μm, with pulse energies of 3 nJ, 30 nJ and 80 nJ, respectively.
CW Raman Spectroscopy
Stokes-shifted Raman spectra of TIPS-pentacene films were recorded using a Horiba T64000 Raman system. The excitation was a helium-neon laser line at 632.8 nm which was focussed on to the TIPSpentacene film with a Leica 50x, 0.55 numerical aperture, long working-distance microscope objective. The laser power at the sample was approximately 130 μW. The sample was placed in a
Linkam chamber through which a small flow of nitrogen gas was maintained. The Stokes-shifted Raman spectra of DPO were measured with a conventional Raman spectrometer (PI SpectraPro 300i coupled to a PI PIXIS 256E CCD camera) under 532 nm (Laser Quantum SMD600) illumination. The system was operated in back-scattering geometry using a 40x objective for collection.
Data Analysis
We followed the same basic procedure to isolate the vibrational coherence signatures in the transient absorption data sets of TIPS-pentacene and DPO. First, the slowly varying electronic population kinetics were subtracted, using a global fit of multi-exponential and high-order polynomial functions.
Subsequent checks of the Fourier transform of the kinetics confirmed that this subtraction introduced no new oscillations with frequencies above 400 cm -1 , the range analysed in this work. The spectrally resolved frequency content was determined by taking the Fourier transform of these oscillation maps, individually for each probe wavelength. In order to isolate excited state vibrational coherences, the oscillation map from the Dump ON (three-pulse) configuration was directly subtracted from that of the Dump OFF (two-pulse) measurement, and the Fourier transform of the resulting differential map was taken in the same manner. To avoid contamination with the pronounced but short-lived oscillations around t=0 caused by the coherent response of the system, we only analysed vibrational coherence data well after this artefact. The residual (pale blue), scaled by four for clarity, shows a strong coherent artefact around t=0 followed by small, fast oscillations that persist for picoseconds. b A similar population subtraction performed across the two-pulse spectrum yields a spectrally resolved oscillation map. To avoid contamination by the oscillatory nature of the coherent artefact, in this and all other vibrational datasets the data was truncated from 80 fs onwards. 
Comparison to Theoretical Models
As discussed in the main text, the key result of this work -the existence of a conical intersection between the singlet and triplet pair manifolds -was predicted by Zimmerman et al. 2 on the basis of ab initio calculations of pentacene monomers and dimers in a range of geometries. These results were subsequently expanded 3 to evaluate the effect of exciton delocalization, also in excellent agreement with our experimental results. This does not mean that our result uniquely agree with the 'direct' model of singlet exciton fission. A recent computational study by Casanova 4 on clusters of tetracene derivatives similarly found that nuclear motion could drive the process of singlet exciton fission by inducing crossings between the relevant electronic states. This work ruled out the classic two-step 'mediated' mechanism of sequential charge-transfer events but concluded that indirect coupling to charge-transfer configurations was likely to play an important role, i.e. the superexchange variant of the 'mediated' model. Similarly, an ab initio study of tetracene and pentacene dimers by Feng et al. 5 found energetic crossing of the singlet and triplet-pair states is induced by nuclear motion, and while the coupling between initial and final states was nominally 'direct', the contribution of charge-transfer configurations to both was considered essential to drive the process. It is thus clear that both 'direct'
and 'superexchange-mediated' mechanisms could be consistent with the experimental results result in very low transition dipoles, which are not observed experimentally, in either DPO or pentacene, suggesting that the states are indeed clearly distinguishable in the Franck-Condon region.
In summary our experimental results on delocalisation and conical intersections highlight the importance of accounting for nuclear dynamics in describing the ultrafast regime of singlet fission.
Future experimental and theoretical studies are clearly called for to fully elucidate the role of vibronic coupling and driving modes in determining the rate and efficiency of fission.
